In this work, we use 13 microlensing candidates with dark lenses from OGLE III catalogue (Wyrzykowski et al. 2016 ) and cross-match them with GAIA catalogue. We identify the microlensing source stars in GAIA catalogue by comparing the coordinate and the magnitude of stars and use the proper motion and the parallax parameters of the source stars. Combining with the microlensing light curves as well as microlensing parallax effect, we determine the mass and the distance of lenses from Earth. We conclude that the lens of some of microlensing events can be a blackhole.
INTRODUCTION
Finding dark objects such as blackholes, neutron stars and white dwarfs in the Milky Way galaxy has always been an important field of study in the astronomy. The gravitational microlensing is a unique tool for the detection of Massive Astrophysical Compact Halo Objects (MACHOs) as the dark matter (Paczynski 1986) . Although the possibility of MA-CHOs to be a candidate for dark matter has been ruled out (Lasserre et al. 2000) , the gravitational microlensing has been used later as a generic astrophysical tool for studying remote stars (Rahvar 2015) as well as discovering the exoplanets around the lens stars (Gaudi 2010) .
We note that for the single-lens microlensing events, the Einstein crossing time as the physical and the characteristic time of the events can be measured from the light curve. On the other hand, the Einstein crossing time is a function of the lens mass, the relative lens-source velocities and the distance of the lens and source stars from the observer. In other words, there is a degeneracy between the lens parameters. There are perturbation effects such as parallax effect (Gould 1995; Rahvar et al. 2003 ) and finite-size effect (Witt & Mao 1994 ) that can break partially the degeneracy between the lens parameters. The other possibility to break degeneracy is the astrometry during the microlensing events. Telescopes such as GAIA with a high angular resolution can measure the displacement of the center of light during the microlensing events (Klüter et al. 2019) .
The astrophysical importance of measuring the mass of lenses from the microlensing observations is that (i) we can obtain the mass function of stellar objects for single E-mail: rahvar@sharif.edu and binary lens, unlike to the traditional method where the mass function only is obtained in the binary systems, (ii) we can determine the mass function of dark and faint objects such as brown dwarfs, black holes, neutron stars, and white dwarfs.
In this work, we use the third generation of Optical Gravitational Lensing Experiment, OGLE III 1 (Udalski et al. 2008) for the photometric light curves, operated from 2001 until 2009, located at the Las Campanas Observatory. In addition, we use the astrometric data of GAIA to extract additional physical parameters of the microlensing systems. GAIA is a European Space Agency (ESA) mission (Gaia Collaboration et al. 2016 ) designed for full-sky astrometry of stars in the Galaxy. So far, they have released two series of data in which they reported celestial positions and the apparent magnitude for approximately 1.7 billion sources (Gaia Collaboration et al. 2018 ). For 1.3 billion of those sources, parallaxes and proper motions have been measured. Here, we cross-match GAIA and OGLE catalogues and use the proper motion and the distance of the source stars from GAIA database to have extra parameters of the microlensing events. We use a sub-sample of 13 microlensing events where their lenses are dark and the source star is least blended. For this set of events, we assume them as the dark lenses. Combining the microlensing-parallax effect from the light curve and the proper motion and parallax measurements from the GAIA, we obtain the mass of lenses for this set of events with the higher accuracy. Using the GAIA catalogue in the microlensing observations opens a new window for breaking the degeneracies in the lens parameters.
The outline of this paper as follows: In section (2) we introduce the theory of gravitational microlensing and degeneracy problem. In section (3), we use the GAIA data from the space-based telescope and cross-match it with OGLE III catalogues. Also, we investigate the feasibility of using extra data for the microlensing events from the GAIA catalogue. In section (4) we choose a sub-sample of the microlensing events where the lenses are non-luminous. From the astrometry and proper motion of the source star in the GAIA data, we calculate the mass and distance of lenses with higher accuracy. The conclusion is given in section (5).
GRAVITATIONAL MICROLENSING AND DEGENERACY PROBLEM
Light bending, as the prediction of the general relativity, is the deflection of the light rays around a massive object. From the Schwarzschild metric, the deflection angle is given by α = 4GM/bc 2 (Einstein 1936) , where M is the mass of the lens, and b is the impact parameter of the light ray as the closest distance of the light from the lens. For the gravitational microlensing of stars inside the Milky Way galaxy, the angular separation between the images are smaller than the angular resolution of the ground-based telescopes. The effect of lensing is the magnification of the background star during the lensing. The characteristic angular size of the lens is given by the Einstein angle (Schneider et al. 1992) as follows:
where M is the lens mass, DS is the source distance, and x is the lens distance divided by the source distance. Multiplying this parameter by the lens distance is the Einstein radius, RE.
Since inside the Galaxy, the relative position of the Earth and other stars due to the internal dynamics of the Galaxy change by time, we would expect that the lensing configuration during the lensing also changes by the time.For a single lens the relative velocity of the lens with respect the source star is a straight line. The associated time-scale of lensing is the crossing of the source star across the Einstein angle (i.e. tE = θE/µ). This is the Einstein crossing time and is given by
where V S,⊥ , V L,⊥ , and V E,⊥ are the transverse velocities of source, lens, and Earth with respect to our line of sight to the source star, respectively. The major problem with the standard microlensing events is that we have only one physical parameter of Einstein crossing time in our measurements and we can not extract lens parameters like the mass, the distance of lens and source and the relative velocities of the lens and source from this parameter. Gravitational microlensing once has been used for detecting compact massive objects inside the Galactic halo. Microlensing also is used for the discovery of the exoplanets orbiting around the lens stars (Gaudi 2010) . In these observations, survey telescopes such as OGLE, MOA, and KMTNet monitor millions of stars in the Galactic bulge. In addition to these telescopes, the follow-up telescopes monitor the microlensing events with high cadence to identify exoplanet signatures in the light curves.In addition to the ground-based telescopes, the individual events are observed by Hubble, Spitzer, and Keck telescopes as the follow-up observation (Alcock et al. 2001; Shvartzvald et al. 2019; Batista et al. 2015) . Moreover, WFIRST will detect the exoplanet with the gravitational microlensing observations (Penny et al. 2019; Bagheri et al. 2019 ).
Parallax and Xallarap
The orbital motion of the earth around the sun results in a perturbation in the microlensing light curve, so-called microlensing parallax effect (Gould 1995; Rahvar et al. 2003) . In the parallax effect, the relative velocity of the source with respect to the lens deviates from the straight line. From the parallax parameter in the microlensing, we can obtain extra information about the lens. A microlensing event which exhibit parallax is expressed with the parallax parameter (i.e πE) as follows:
where a⊕ = 1A.U. is the distance of earth to sun. Here, πE = πE(x, M, DS) is a function of lens mass and distance of lens and source. If we fix the distance of the source star, then we can constrain the mass and distance of the lens from the observer.There is another perturbation effect that is called Xallarap effect (Rahvar & Dominik 2008) which is similar to parallax, but instead of considering observer motion around the sun, the orbital motion of source star around its companion produces an asymmetric effect in the light curve.
Finite-source effect
One of the assumptions of the standard microlensing event is that the source star is point-like. For a relative close impact parameter of the lensing compare to the angular size of the source star, the finite-size effect is important. In the finitesize effect different parts of the source star have different impact parameters and get different magnifications. The result is the change in the shape of the light curve at the peak.
Using the parallax and finite-source effects in microlensing light curves, we can break partially the degeneracy between the parameters of the lens (Choi et al. 2012; Golchin & Rahvar 2019) .
GAIA AND OGLE III CATALOGUES CROSS-MATCH
For microlensing data, we use OGLE III data which is produced from the year 2002 to 2009 (Udalski et al. 2008) . We choose OGLE III data because of the photometric accuracy in the light curves, also the microlensing events for this set of data have happened a long time before observations of GAIA where lens and source stars might be resolved by the GAIA telescope. For this set of microlensing events, one might search for lens and source stars with the ground-based adaptive optics. Here, we use GAIA data and investigate the microlensing events by cross-matching it with the OGLE catalogue to extract possible information for the proper motion and distance of the lens and source stars. In the case of identifying the source and the lens stars in GAIA catalogue, we can use the proper motion and the distance of lens and source in the right-hand side of equation (2) and the Einstein crossing time at the left-hand side of this equation from the microlensing light curve. The result would be the mass of the lens from this equation.
Taking into account the angular resolution of GAIA, it needs enough time after microlensing to resolve both lens and source stars. Here in this work, we analyze a sub-set of events with possible dark lenses. These events have the least blending and on the other hand, have long duration events (Wyrzykowski et al. 2016) with the microlensing parallax effect. Details on our candidate will be discussed in the next section.
We note that GAIA FITS images will not be available until the end of the mission in 2022 and in order to identify the GAIA stars, according to the coordinate and the magnitude of the stars, we can generate artificial images from a given field. We make artificial images identified by a red spot for each star in GAIA catalogue where the size of the spot is proportional to the brightness of the star. In the second step, GAIA sources are superimposed on the OGLE III images. Figure (1) shows a sample of our cross-match between OGLE III and GAIA catalogues for OGLE 2006-BLG-095 event. The source star for the microlensing is identified by a cross sign. We can also make this crossmatching with the Aladin sky Atals (Bonnarel et al. 2000; Boch & Fernique 2014) . For some of the events such as OGLE 2005-BLG-036 in Figure ( 2), while all the stars around the microlensing source star are identified in GAIA catalogue, the source star is missing in the catalogue. Also, we have checked the source star of this microlensing event with the 2MASS catalogue where this star is also not identified. So missing some of the source stars might be due to high magnification of faint stars during the microlensing where it is not identified in the other catalogues. 
How GAIA improves the results
In order to solve the degeneracy in equation (2), the conventional method is using the distribution functions for the velocities of the lens and source stars based on well-known galactic models and compute an overall distribution for the relative angular velocity which depends on distances of the lens and the source stars as follows
The astrometric observations of lens and source stars by GAIA telescope enable us to measure directly the proper motion and distance of stars. However, we note that the GAIA resolution is well below than the characteristic relative separation of lens and source stars (see table 3 in Gaia Collaboration et al. (2018) ). In order to resolve the lens and source stars, astrometric observations has to be done few years after the peak of the microlensing events. Taking into account the angular resolution of the stars in GAIA which is in the order ∼ 100 mas, we can not resolve the lens and the source stars after few year, except for high vecolity lens or source stars. We will discuss details of this issue in section (3.2). Here in this work we will investigate a small sub-class of the dark lenses where in the GAIA catalogue we can follow the proper motion of only source star. Since most of microlensing events have been observed in the galactic bulge direction, a reasonable assumption is that the source stars of microlensing events are in galactic bulge. This is a reasonable assumption for studying a large number of microlensing events, but for the individual events that is highly uncertain. In addition, the assumption of source being in galactic bulge with an isotropic dispersion velocity of the stars in the bulge following a Gaussian velocity provides a large uncertainty in the source velocity. For a sub-class of microlensing events with the dark lens, we use GAIA catalogue to identify the distance and the proper motion of the source stars. We will analysis these events in section (4).
Possibility of detecting both lens and source stars of microlensing events in GAIA catalogue
We investigate the possibility of detecting both the lens and source stars of microlensing events in the GAIA catalogue. During the period that the microlensing event is happening, the lens and the source stars are almost along the same line of sight. However, as a result of relative proper motion, we would expect that the lens and source stars can be resolved by time. In order to estimate the feasibility of resolving both the lens and source stars in GAIA catalog, we take a subsample of GAIA data towards the galactic bulge with the direction of Ra= 17 : 45 : 40.04 and Dec = −29 : 00 : 28.1, and the angular radius of 7 degrees. We choose stars with the parallax parameter to be in the range of π ∈ [0.10, 0.18] mas, equivalent to the distance of stars between 5.5 kpc and 10.0 kpc with respect to the earth. This distance covers the galactic bulge along our line of sight. We exclude 68.4 percent of stars in our list because of large error in parallax measurement (σπ/π > 1). Then we take 1149367 stars in this direction with reasonable accuracy in the distance measurement of stars. From the observed proper motion of stars, we obtain a distribution function for the proper motion of stars in the bulge. This is a Gaussian function with the mean velocities of µRA = −2.5 mas/yr and µDec = −4.8 mas/yr in RA and Dec directions and corresponding variance of σRA 2.6 mas/yr and σDec = 2.8 mas/yr, respectively .
We assume that the lens stars are too faint to be resolved in the Galactic bulge and from the theory of microlensing most the lenses should be located in the Galactic disk (Moniez et al. 2017) . So the distance and proper motion of the sub-sampled of stars we choose in the GAIA catalogue can be considered as the source stars for the microlensing events. For generating a proper motion of the lens stars, we use the probability distribution of lens being located at the distance of x by dp/dx ∝ ρ(x) x(1 − x) (Rahvar 2015) . We also use the distribution function for the velocity of the lenses which is a combination of the global velocity and the dispersion velocity of the disk (Moniez et al. 2017; Rahal et al. 2009; Brunthaler et al. 2011) . The global rotation of the disk is given as a function of the galactocentric distance by
where r is in cylindrical coordinates and Vrot, = 239 ± 7 km/s and R = 8.5 kpc. Moreover, the peculiar velocity of the stars of disk is described by an anisotropic Gaussian distribution with the following radial, tangential, and perpendicular velocity dispersions: 
Combining the location of lens and the relative velocity of the lens with respect to the Earth, we calculate the proper motion of the lens with respect to the observer.
In our Monte-Carlo simulation, we combine the relative proper motion of the lens (from the simulation) and the relative proper motion of the source stars (from the GAIA data). Figure (3) represents the distribution function . Expected distribution for the angular separation of the lens and source stars of the microlensing events from OGLE III, observed in the GAIA catalogue. For 28.4% of stars in GAIA catalogue where the distance of stars is well measured, the angular separation is larger than 100 mas and for 0.8% of stars the angular separation is larger than 400 mas.
for the relative proper motion of the lens with respect to source stars in terms of mas/yr. In order to calculate the separation of lens and source stars in the GAIA catalogue, we take the observation period of OGLE microlensing from the year 2001 to 2009. Since the observation of GAIA is done in 2018, there are 9-17 years time-separation between these two observations. We expect that during this period, the lens and source stars would be separated. In order to compare this separation with the observational resolution of GAIA, we generate synthetic angular separation between lens and source in the microlensing events. Assuming the same annual detection rate of microlensing events for the period of years 2001-2009, in our simulation, we choose the events with the uniform distribution function for this duration and find the time-separation with that of GAIA observation, ∆T = tGAIA − tOGLE. Multiplying this time to the relative proper motion of lens and source in Figure ( 3) results in the angular separation between the lens and source stars. Figure (4) shows the result of our simulation. Noting (4), we would expect that in 28.4% of microlensing events we can resolve the lens and source stars from a subset of GAIA catalogue with reasonable parallax error. If we take into account all the stars of GAIA catalogue in the direction of Galactic bulge, taking into account that 32% of stars have reasonable measured parallax parameter, the percentage of source-lens stars can be resolved is 28.4% × 0.32 = 9.10%. In practice, investigating the GAIA data, the minimum separation of stars is not less than 400 mas. If we set this number as the angular resolution of stars in GAIA, from Figure (4) , 0.8% of events or in terms of all stars in our study or in terms of whole GAIA catalogue 0.80% × 0.32 = 0.26% of microlensing events with lens and source stars can be resolved. Batista et al. (2015) used the Keck telescope and could resolve the lens and source stars of OGLE-2005-BLG-169 event with the angular separation of 61 mas. This angular separation is in good agreement with the peak of Figure (4) . In this work, we are not going to compare the whole events of OGLE with the GAIA catalogue and choose only microlensing events expecting dark lenses.
MASS AND DISTANCE ANALYSIS OF 13 DARK LENS CANDIDATES
In the this section, we have seen that the chance of resolving the lens and the source stars in the GAIA catalogue (> 400 mas) is low. So we use 13 microlensing candidates with possible dark lenses which has been studied in Wyrzykowski et al. (2016) . The list of these microlensing events are given in Table (1) . Wyrzykowski et al. (2016) investigate 59 microlensing events which exhibit strong parallax effect and also show that some of these events from the color magnitude diagram are more likely to be located at bulge which let them to fix source distance at 8 kpc. Then, by considering the most probable proper motion between source and lens based on a galactic model, they calculate the mass and the distance of the lenses. Finally, by comparing blending parameter and the mass of lens inferred from the parallax microlensing effect, they associate an apparent magnitude to the lens stars and conclude a probability for the lens to be a dark object. Out of 59 events with the strong parallax signature, they identity 13 of them might have dark lenses. Table  ( 1) is the list of the 13 microlensing candidates with possible dark lenses from Wyrzykowski et al. (2016) where from the MCMC positive and negative solutions for u0, the Einstein crossing time and microlensing parallax vector (πEN , πEE) are reported
We cross list these 13 events with the GAIA catalogue. The overlap between the finding chart of the OGLE catalogue and GAIA is shown in Figure (5) . For each of the microlensing source stars, we find the corresponding star in the GAIA catalogue. We also cross checked the apparent I-band magnitude of the source star in OGLE with GRP magnitude in GAIA. Out of 13 stars, 7 stars are reported with the positive parallax parameter in the GAIA catalogue (Luri et al. 2018 ) while for all the 13 stars GAIA gives the proper motion of the source. We note that the observed proper motion is the relative motion of the source with respect to the earth, i.e. µ = (V S,⊥ − V E,⊥ )/DS. For 7 events, we have the distance and the proper motion of the source stars. Since there is an uncertainly in the distance of source stars from the GAIA measurements, we impose extra constrain such that the source stars not being located at the other side of the Bulge. In what follows, we use the extra data from the GAIA catalogue to confine the lens parameter with a better accuracy. Our microlensing observables are the Einstein crossing time and the parallax parameter. The Einstein crossing time from equation (2) is a function of the source distance, lens distance, lens mass and the relative proper motion between lens and source. Also the microlensing parallax parameter from equation (3) is a function of source distance, lens distance, and the lens mass. Figure 5 . The result from analysis of 13 microlensing events. For each event (OGLE ID is written on top of chart) the cross-match between the OGLE and GAIA catalogue is represented (North is up and East is to the left in these figures) in the third panel for event from right side. The probability function for the mass and distance of lens is represented by two dimensional histogram. The first panel for each event is for the positive u 0 and the second panel is for negative u 0 .
We use the total parallax parameter πE = π 2 EN + π 2
EE
where πE = πE(x, M, DS) and fix DS with the corresponding error bar to obtain the mass of the lens in terms of the distance from the observer. Substituting this equation in the Einstein crossing time equation, we find the distance of the lens in terms of the relative lens-earth velocity. Now, we choose a distribution function for this relative velocity from the Galactic model and obtain a likelihood distribution function for the distance and the mass of the lenses, see Figure (5). Table ( 2) compared our results with that of Wyrzykowski et al. (2016) . For 6 events out of 13 event, we don't have the distance of the source star where we fix the distance of source stars for these events at DS = 8.5kpc. For these events we use the proper motion of the source stars from GAIA catalogue.
RESULTS AND CONCLUSION
In this work we compared the OGLE and GAIA catalogues to investigate possible additional information from the GAIA catalogue for the microlensing events. The extra data from the GAIA catalogue are the distance and the proper motions of the stars. Moreover, for the microlensing events with few years time-separation between the OGLE and GAIA observations, we may resolve the lens and source stars. Our simulation showed that for 0.26% of microlensing events, GAIA can resolve the lens and source stars with angular separation > 400 mas.
Here, we investigate 13 events with significant microlensing-parallax signature that has been studied in Wyrzykowski et al. (2016) . They have estimated the mass of the lens from the parallax parameter based on MCMC analysis of the microlensing light curve, on the other hand from blending, they have concluded that this sub-set of events have dark lenses. For this set of events, we identified the distance and proper motion of the source stars in the GAIA catalogue. For 6 events out of 13 microlensing events, we have found the negative parallax, reported in the GAIA catalogue (Luri et al. 2018) where in future data releases of GAIA, the parallax parameter might be well measured. We fixed the distance of these source stars at 8.5kpc in the Galactic bulge. For 7 microlensing events we had the distance of the source stars from GAIA catalogue. Also for all the events, GAIA reported the proper motion of the source stars.
We used the distribution function for the velocity of lenses from the Galactic model and find the likelihood values for the mass and the distance of the lenses. Since we imposed two extra constraint of the distance and the proper motion of the source stars, we could have better constrain on the mass and distance of lenses. We compared our results with that of (Wyrzykowski et al. 2016) in Table ( 2). For those events with fix distance of Ds = 8.5 kpc, as (Wyrzykowski et al. 2016 ), since we have the measurement of the sourceproper motion and calculate a different mass compare to the previous study. For a fixed distance of source and distance of lens from equation (2), the lens mass relates to the relative proper motion as M ∝ µ 2 . This rough relation is almost consistent with our numerical calculation in Table (2). For 7 microlensing events where the distance of source stars are given with the GAIA catalogue, unlike to (Wyrzykowski et al. 2016) , the distance of the source stars are less than 8kpc. Some of them are located in the disk or at the edge of the Galactic bulge. The masses inferred from our analysis are smaller than that in (Wyrzykowski et al. 2016) . Figure (6) represents the histogram of the lens mass from this analysis for 13 microlensing events. Also from our analysis it seems that there is a mass gap between one and two solar masses of the lenses (Kiziltan et al. 2013; Bailyn et al. 1998) . Further studies on cross-matching between the GAIA and OGLE catalogues can reveal the mass function of single lenses from the brown dwarfs to the compact objects as the neutron stars and black holes. Table 2 . The mass and distance for 13 dark-lens events with 1σ error, from our analysis is compared with the previous results in (Wyrzykowski et al. 2016) .
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